Previous studies have shown that intact lima bean plants exposed to volatiles emitted from conspecific plants infested by two-spotted spider mites, Tetranychus urticae (Acari: Tetranychidae), attract Phytoseiulus persimilis (Acari: Phytoseiidae), a carnivorous natural enemy of spider mites. Here, we investigated the olfactory responses of P. persimilis and T. urticae to different parts of intact lima bean plants exposed to these volatiles using a Y-tube olfactometer. Predators responded in greater number to volatiles from the first trifoliate leaves compared to those from primary leaves, and to volatiles from the parts above the first trifoliate leaves compared to those from the first trifoliate leaves. Conversely, spider mites responded more to volatiles from primary leaves compared to those from the first trifoliate leaves, and showed equal preference for volatiles released from the first trifoliate leaves or the parts above the first trifoliate leaf. The reproduction of spider mites in primary leaves was higher than those on trifoliate leaves. Based on these data, the potential adaptive value of differential attractiveness of different parts of intact lima bean plants to T. urticae and P. persimilis is discussed.
INTRODUCTION
In response to herbivory, plants emit specific volatile chemicals that attract carnivorous natural enemies of herbivores (Dicke and Sabelis, 1988; Turlings et al., 1990 Turlings et al., , 1995 Takabayashi et al., 1994; Takabayashi and Dicke, 1996; Dicke and Vet, 1999) . These volatiles are referred to as herbivore-induced plant volatiles (HIPV). Recent studies have shown that they also affect the behavior of herbivores (Dicke, 1986; Bernasconi et al., 1998; De Morares et al., 2001; Horiuchi et al., 2003a) . Interestingly, the volatiles released from damaged plants elicit defensive responses in undamaged receiver plants (Arimura et al., 2000; Karban et al., 2000; Choh et al., 2004 Choh et al., , 2006 . This so-called "plant-plant communication" through the air is referred to as "talking plants" and it has been suggested that such communication might benefit undamaged receiver in terms of defense against potential damage by herbivores (Karban and Baldwin, 1997; Dicke et al., 2003) . In addition to these induced defense responses by receiver plants against herbivores, there is increasing evidence of receiver plants attracting carnivorous natural enemies of herbivores (Dicke et al., 1990; Bruin et al., 1992; Choh et al., 2004) .
A well-studied system of plant-plant communication consists of lima bean plants, two-spotted spider mites (Tetranychus urticae) and predatory mites (Phytoseiulus persimilis) (Sabelis and Baan, 1983; Dicke, 1986; Dicke et al., 1990; Takabayashi and Dicke, 1992; Choh et al., 2004) . It has been shown that when intact lima bean plants are exposed to volatiles emitted from conspecific T. urticae-infested plants, they attract more P. persimilis than intact plants that have only been exposed to volatiles from other intact conspecific plants (Dicke et al., 1990; Horiuchi et al., 2003b) . However, the mechanisms involved in this plant-plant communication had been unclear until recently. Receiver plants might be actively involved in the attraction of predatory mites. Conversely, receiver plants might passively absorb the predator attractants emitted by infested plants and subsequently reemit these into the air in order to attract predators and inhibit spider mites (Bruin et al., 1992) . Our previous study clarified the mechanisms (Choh et al., 2004) . We reported that, after exposure to HIPV, intact lima bean leaves emitted volatiles subsequent to adsorption process. We also found that HIPV-exposed leaves emitted larger amounts of HIPV in response to T. urticae infestation than leaves exposed to volatiles from uninfested leaves. These findings led them to conclude that both adsorption and production of volatiles was responsible for mediating the attraction of carnivorous mites to plants that have been exposed to volatiles from infested neighbors.
Previous studies have demonstrated that listening plants could thus potentially constitute environments that are enemy-dense. In the event of such an occurrence, the question of whether herbivorous arthropods would avoid these potential enemydense spaces arises. To test this hypothesis, we focused on the olfactory responses of T. urticae and P. persimilis to HIPV-exposed plants to find hostplants and prey-inhabiting plants, respectively. We first compared the extent to which P. persimilis was attracted to T. urticae-infested plants and HIPV-exposed plants to confirm whether listening plants are potentially enemy-dense space. We then tested whether T. urticae and P. persimilis exhibited different olfactory responses to different parts of the same HIPV-exposed plant. Together with the data of the fecundity of spider mites on different part of a plant, the potential adaptive value of differential attractiveness of different parts of intact lima bean plants to T. urticae and P. persimilis is discussed.
MATERIALS AND METHODS
Plants and mites. Lima bean plants (Phaseolus lunatus cv. Pole Sieva) were grown in soil in a greenhouse at 25Ϯ2°C, at 60-70% relative humidity (RH) and under a photoperiod of 16L-8D. We used plants at 5-7 d after germination with two primary leaves for the experiments.
Herbivorous mites (Tetranychus urticae, greenform) were obtained from the Laboratory of Ecological Information, Graduate School of Agriculture, Kyoto University, and were reared on lima bean plants in a climate-controlled room (25Ϯ2°C, 60-70% RH, 16L-8D).
Predatory mites (Phytoseiulus persimilis) were purchased from Koppert BV (Berkel and Rodenrijs, The Netherlands). They were reared on detached lima bean leaves that were heavily infested with two-spotted spider mites under the same conditions. Fresh T. urticae-infested leaves were added every other day.
Experimental setup for plant-plant communications. For the exposure of plants to HIPV, we used six acrylic 60ϫ60ϫ60 cm cages with two 30ϫ30 cm windows on opposite sides of the cages (for details of the setup, see Choh et al., 2006) . The windows were covered with nylon gauze (225 mm mesh). Airflow inside the cage was below the detection level. The cage had a 30ϫ30 cm sliding door at the front. As an odor source, we used eight plants infested with 60 adult T. urticae females per plant for 1 d. Eight uninfested plants were used as a control odor source. Four uninfested plants were placed into the box with the odor-source plants and exposed to either HIPV or uninfested plant volatiles (UPV) for 10 d in a climate-controlled room (25Ϯ2°C, 60-70% RH, 16L-8D). All potted plants were placed into plastic containers (12 cm diameter, 9 cm height) filled with water, which prevented the migration of T. urticae from infested plants to uninfested plants. The distance between the exposed plants and the odor-source plants was 25 cm. No spider mites invaded the exposed plants in the experimental setup. Both infested and uninfested plants had one fully expanded trifoliate leaf (first trifoliate leaf) and one expanding trifoliate leaf (second trifoliate leaf) at 10 d after exposure to HIPV. At that time, T. urticae-infested plants were heavily infested. We used a freshly cleaned cage for each experimental replicate.
Bioassay. A Y-tube olfactometer was used for the experiments (Takabayashi and Dicke, 1992) . We placed a Y-shaped iron wire in the center of the Y-tube olfactometer. Air was cleaned with activated charcoal, and then pumped to the odor source bottle (2.5 l/min) that was connected to the arm of the olfactometer. As odor sources for the bioassay, we used plants that had their stems cut with a razor blade immediately above the soil level. Wet cotton wool was attached to the stems of these plants im-mediately before the experiment and four plants were used as an odor-source.
Adult female T. urticae or P. persimilis were randomly selected from each colony and individually positioned at the beginning of the iron wire. When test mites reached the end of one arm of the olfactometer, their choice was recorded. The maximum duration of each observation was 5 min. After every five bioassays, the odor sources on each arm were moved to the other arm to adjust for potential asymmetries in the experimental arena. Given that T. urticae individuals deposited silken thread when they moved along the iron wire, the wire was carefully wiped using dry cotton wool after each T. urticae assay. Individual mites were only used once and a total of 20-30 spider mites or predatory mites were used in 1 d. Bioassays were replicated at least 3 d using different odor-sources and mites in a climate-controlled room (25Ϯ2°C, 60-70% RH, 16L-8D).
We first tested whether the predatory mites could distinguish between T. urticae-infested plants used for the HIPV-exposure experiment and HIPV-exposed plants. In order to examine the responses of the predatory and spider mites to volatiles from different parts of HIPV-exposed plants, we divided the exposed plant into three sections: primary leaves, the first trifoliate leaves, and the parts above the first trifoliate leaves (apical portion, unopened second trifoliate leaf, and stem). We tested the olfactory responses of the predatory and spider mites toward, (1) primary leaves vs. first trifoliate leaves, and (2) first trifoliate leaves vs. parts of the plant above the first trifoliate leaves. These comparisons were conducted on the same day as the first trifoliate leaves were used as the odor source. We conducted the same experiments using UPV-exposed plants as the control.
The petioles of the primary leaf, first trifoliate leaf and parts of the plant above the first trifoliate leaf were cut from the same plants and stored on moist cotton wool. We used 4-6 primary leaves, four first trifoliate leaves and four parts from above the first trifoliate leaves as odor sources (primary leaves: 3.84Ϯ0.23 g; 270.5Ϯ13.1 cm 2 , first trifoliate leaves: 3.99Ϯ0.27 g; 218.3Ϯ25.2 cm 2 , parts of plants above the first trifoliate leaf: 2.21Ϯ0.24 g; 83.3Ϯ24.4 cm 2 ). Data were analyzed using a binomial test to determine whether the distribution of the mites in response to the two odor sources differed significantly from a 1 : 1 distribution. The responses of the predatory and spider mites to different parts of HIPV-and UPV-exposed plants were compared using a Fisher's exact probability test.
Oviposition of T. urticae on odor-exposed plants. One randomly selected adult T. urticae female was placed on HIPV-and UPV-exposed leaf discs (1.5ϫ1.5 cm) on moist cotton wool in an open plastic container (9 cm diameter). Leaf discs were made from the primary leaves of the plants that were exposed to HIPV or UPV for 10 d. To investigate the differences in oviposition of the spider mites on HIPV-and UPV-exposed plants among different parts of the exposed plants, leaf discs were also made from the first and second trifoliate leaves of the plants that were exposed to HIPV for 10 d. The number of eggs laid by the spider mites over 3 d was investigated. The experiments were repeated 50 times in a climate-controlled room (25Ϯ2°C, 60-70% RH, 16L-8D). The number of eggs laid by T. urticae on UPV-and HIPV-exposed leaf discs was compared using a ttest and Scheffé's test after a two-way ANOVA.
RESULTS AND DISCUSSION

Responses of T. urticae and P. persimilis to whole plant volatiles
More P. persimilis were attracted to T. urticaeinfested plants than to HIPV-exposed plants in the Y-tube olfactometer (T. urticae-infested plants: 60 mites, HIPV-exposed plants: 30 mites, no choice: 0 mites; pϭ0.0021, binomial test). Compared to UPV-exposed plants, P. persimilis preferred HIPVexposed plants ( pϭ0.0433, binomial test; Fig. 1a) , indicating that the potential predation risk by P. persimilis on T. urticae on HIPV-exposed plants is likely to be relatively higher than the risk on UPVexposed plants.
When T. urticae are offered a choice between clean air and volatiles emitted from intact lima bean leaves, they are attracted to volatiles from intact leaves (Dicke, 1986) . Preference of T. urticae was equally distributed between HIPV-and UPVexposed plants ( pϭ0.930, binomial test; Fig. 1b) , even though the potential predation risk by T. urticae was expected to be relatively higher on HIPVexposed plants. Spider mites tend to disperse from their parental colony by air currents or by walking (Kondo and Takafuji, 1985; Li and Margolies, 1993) . Uninfested plants downwind from T. urticae-infested plants will be exposed to HIPV at different levels, and T. urticae would find one of these plants by chance. Under these conditions, the relative increase of the attractiveness of HIPV-exposed plants to predators over UPV-exposed plants might not affect the host-plant finding by the mites. Interestingly, at higher levels of HIPV exposure, T. urticae have been reported to prefer HIPV-exposed leaves compared to unexposed leaves (Horiuchi et al., 2003b) .
Oviposition of T. urticae
When T. urticae individuals were placed on leaf discs from the primary leaves, first trifoliate leaves, and second trifoliate leaves from HIPV-or UPVexposed plants, they laid more eggs on leaves from the lower plant regions (pϽ0.05, Scheffé's test; Fig. 2, Table 1 ). However, there was no significant difference in the number of eggs laid by the spider mites between HIPV-and UPV-exposed plants (Two-way ANOVA: pϭ0.833; Table 1 ). The performance of T. urticae on HIPV-exposed leaves might vary according to the exposure level, because, at relatively higher exposure levels, Arimura et al. (2000) reported reduced infestation rates of T. urticae on HIPV-exposed primary leaves.
Responses of T. urticae and P. persimilis to volatiles from different parts of UPV-exposed plants
When given a choice, P. persimilis and T. urticae did not show a preference for either primary or first trifoliate leaves from UPV-exposed plants (binomial test: P. persimilis, pϭ0.105; T. urticae, pϭ0.916; Fig. 3a) and the preference for leaf-type choice did not differ between the two mite species (Fisher's exact probability test: pϭ0.1767; Fig. 3a) . For the first trifoliate leaves and plant parts above the first trifoliate leaves, neither species showed a preference for either leaf tissue type (binomial test: P. persimilis, pϭ1.000; T. urticae, pϭ0.598; Fig. 4a ). Preferences of P. persimilis and T. urticae for choice of leaf tissue type were not significantly different from each other (pϭ0.7629, Fisher's exact probability test; Fig. 4a ).
These data showed that predatory mites did not exhibit any preference for any of the tissues of UPV-exposed lima bean plants. It is expected that herbivorous arthropods prefer plants on which they show higher fecundity. It is interesting to note that we did not observe any preferences among T. urticae for different parts of the UPV-exposed plants, although the fecundity of the spider mites was 540 Y. CHOH and J. TAKABAYASHI Fig. 1 . The olfactory response of (a) P. persimilis females and (b) T. urticae females to volatiles from HIPV-and UPVexposed plants determined using a Y-tube olfactometer. The asterisk beside (a) indicates a significant difference in the responses to HIPV-and UPV-exposed plants (* pϽ0.05). Numbers in the bar segments indicate the numbers of mites. Fig. 2 . Number of T. urticae eggs laid for 3 d on leaf discs made from primary leaves, first trifoliate leaves, and second trifoliate leaves of HIPV-exposed plants (meanϮSE). The letters above each bar indicate significant differences among treatments (pϽ0.05). higher on primary and first trifoliate leaves than the second trifoliate leaf of UPV-exposed plants (pϽ0.05, Scheffé's test; Fig. 2 , Table 1 ).
Responses of T. urticae and P. persimilis to volatiles from different parts of HIPV-exposed plants Significantly more P. persimilis were attracted to the first trifoliate leaves than to the primary leaves of HIPV-exposed plants (binomial test: pϭ0.008; Fig. 3b ). Conversely, significantly more T. urticae were attracted to the primary leaves than the first trifoliate leaves of these plants (binomial test: pϭ0.045; Fig. 3b ). The preferences of P. persimilis and T. urticae to the two odor sources were significantly different from each other (Fisher's exact probability test: pϭ0.0010; Fig. 3b ). More P. persimilis were attracted to plant parts above the first trifoliate leaves than to the first trifoliate leaves, although this difference was not significant (binomial test: pϭ0.0725; Fig. 4b ). T. urticae showed equal distribution between the two odor-sources (binomial test: pϭ0.1702; Fig. 4b ). The odor preferences of P. persimilis and T. urticae were significantly different from each other (Fisher's exact probability test: pϭ0.0250; Fig. 4b ). Since the younger parts of the plant contribute more to plant vigor than old leaves, it should be more important for a plant to defend its growing parts, even if rapidly-growing plant species or tissues often invest less in defense (Coley et al., 1985) . HIPV-exposed plants may be able to protect their shoot apices by attracting more P. persimilis to their upper parts compared to their lower parts.
T. urticae showed a preference for the primary leaves of HIPV-exposed plants over the first trifoliate leaves, and their preference for the first trifoliate leaves and their upper parts was the same (Figs.  3b and 4b) . Interestingly, the fecundity of the spider mites was higher on primary and the first trifoliate leaves than the second trifoliate leaves of HIPV-exposed plants ( pϽ0.05, Scheffé's test; Fig.  2 black bars, Table 1 ). Thus, the preferences do not fit the performance of the mites in terms of their response to the first trifoliate leaves and reproduction on the leaves. Alternatively, it might be possible that plants attract the spider mites to the primary leaves that are less important than their upper parts. It has already been reported that females of herbivorous insects avoid ovipositing on plants that are more attractive to their carnivorous natural enemies (Sato et al., 1999; Shiojiri et al., 2002) . Spider mites might therefore avoid the relatively higher predation risks associated with the upper regions of HIPV-exposed plants by being attracted to the lower parts of the exposed plants (Figs. 3 and 4) . However, this possibility seems unlikely: even if a T. urticae female is attracted to a primary leaf, the Fig. 3 . The olfactory response of P. persimilis females and T. urticae females to volatiles from the first trifoliate leaves and primary leaves on (a) UPV-exposed plants and (b) HIPV-exposed plants as determined using a Y-tube olfactometer. Asterisks beside each bar indicate significant difference between the first trifoliate leaves and the primary leaves. Asterisks between bars indicate a significant difference in preference between P. persimilis and T. urticae (* pϽ0.05, ** pϽ0.01). Numbers in the bars indicate the number of mites. Fig. 4 . The olfactory response of P. persimilis females and T. urticae females to volatiles from first trifoliate leaves and plant parts above first trifoliate leaves of (a) UPV-exposed plants and (b) HIPV-exposed plants determined using a Y-tube olfactometer. The asterisk between the bars indicates a significant difference in preference between P. persimilis and T. urticae (* pϽ0.05). Numbers in the bar segments indicate the numbers of mites. mite would eventually be discovered by P. persimilis, as single T. urticae female induces the production of HIPV that attract P. persimilis in a lima bean leaf (Gols et al., 2003) .
The findings of this study suggest that predatory and spider mites were capable of detecting differences in volatile blends from different parts of HIPV-exposed plants. Detached lima bean primary leaves emit volatiles subsequent to the adsorption process (Choh et al., 2004) . Despite the finding that the total leaf surface of plant parts above the first trifoliate leaves were much smaller than it was for the other parts, it was observed to attract more predatory mites. This may be due to an increased adsorption efficiency of the upper parts of the plant relative to the lower parts. The other possibility is that the upper part of the plant starts producing P. persimilis attractants in response to HIPV exposure. Further study is needed to test these hypotheses.
In the present study, we showed a possibility that T. urticae and P. persimilis might invade different parts of a HIPV-exposed plants by responding to plant volatiles. Further studies are needed to clarify the following behavior and distribution of T. urticae and P. persimilis on the exposed plant.
